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(54) CARBON FIBER TAPES AND PERVIOUS LOW DENSITY 
CARBON FIBER REINFORCED COMPOSITE ARTIoS! 

lawso/L sZl' CELANESE CORPORATION, a corporation organized under the 

compS'te S^arS S^jfig? ° f """» fi °" ^ - -forced 

focused ^n $ ^n fO fi r J ligh -rE erf0rnia ^ e materials . considerable interest has been 
?5 u P° n . cai Jon fibers. The terms "carbon" fibers on "carbonaceous" fibersTre 

S^SV^rt? 56,156 , an c d indude ^PWte fibers as weU i amorphous 

canton and h a ? fnrH be ' m definB l 35 fibers ^ consist essentiaSy 0 

S d have a predominant x-ray diffraction pattern characteristic of eraDhite 
Amorphous carbon fibers, on the other hand, are defined as fibers i? SSh d/ffi 

MfSffiSS ^ 156 attr i butC ^. t0 carbon « ad which exhi Wt an eSenS 2cK»! 
fh^nl °°? pattern L - Gra P mte fibers 6 enerall y have a higher Y<XHnSX! 

&XX&. Carb ° n fiberS 404 ta addid0n are ™ re ^yeSca^S 
Industrial high performance materials of the future are projected to mak* «»h. 
sumttaJ uuhzation of fiber reinforced composites, and gtapSc^SSffite^^Sd' 

in ^ZmJ , a I ^ 31 ^ bTOUS confi S urati °n essentially intact. Such procedures 
ISS^to?TSJS . therma V. trea ? nent of * e fib ~us precursor in an appropriate 
aunospnere or atmospheres which is commonly conducted in a Dluralitv n ffi„ 

alten l atlv . el y in a single heating zone wherein Aefibroi matSaTis subS 
SchffiST S ^ CreaSing tempe J aturCS ; batch andToXZ pSffi 

S^AJm^ Pr0 P 0Sed ' Fr ° m 1,16 comme rcial standpoint those proceS 
wnicn are capable of functioning on a continuous basis are eenerallv ccm<M^Ji^Z 

JStW^ ^-f* P roc . essin g °f a single end of fibrous precWrlSI 

sTSs^srsnss jaaft advantages of possib,e ss 

fin rT^p' 3 fib ^° US P recursor while in *e *»* ofTwovTn 7chZ s2 fo5 

No 3 HI fill: T N ° S - 720, , 947 1 and 726 > 761 > as wdl as United States Patenl 
™ . «' 2 f0r re P resen tative disclosures of the processing of woven cloth me 
Sn"^ *e fiber bundles present in the conventionally wove?carbt d ES£ 
commonly possess at least some permanent crimp at the warj and weft SssSver 



10 



15 



20 



25 



30 



35 



40 



1,444,478 



points and the single filament tensile properties of the fibers present within the cloths 
have tended to be adversely influenced. 

There has arisen in the advanced engineering composite art the need ior an 
efficient technique to produce pervious carbon fiber reinforced high strength composite 

5 articles of extremely low density. Woven carbon fabrics or cloths wherein weaving of a 5 

fibrous precursor was conducted prior to thermal conversion have been unsuitable 
for use in such applications because of (a) the high fiber density within the same and 
(b) impaired tensile properties resulting from fiber crimp. Prior attempts at the produo 
tion of pervious low density carbon fiber reinforced composites have involved the 

10 tedious weaving of previously carbonized fiber bundles to form a substantially balanced 10 

cloth of an open weave construction which is subsequently resin impregnated with a 
matrix material. Such weaving by necessity must be conducted at a relatively slow 
rate because of the fragile nature of the previously carbonized fiber bundles. Even if 
such special weaving techniques are utilized, difficulties have arisen, however, with 

15 respect to the quality of fibrous reinforcement since the carbonized fiber bundles tend 15 

to be readily damaged during weaving with a concomitant diminution of their tensile 
properties. 

The present invention is concerned with the formation of carbon fiber tapes which 
is suitable for use as a fibrous reinforcing medium in pervious low density composite 
20 articles. The bulk density of such articles can be 0.4 to 1.4 grams/cc; they can exhibit 20 

good mechanical properties and are particularly suitable for use as facing sheets of an 
acoustic sandwich liner which serves as a noise suppression function in a turbofan 
nacelle for a jet engine. 

According to the invention there is provided a process for the production of a 

25 carbon tape of an open wave construction comprising (a) providing a continuous 25 

length of a fibrous open weave tape comprising a plurality of adjacent substantially 
parallel and laterally spaced linear warp ends of an organic polymeric fibrous material 
capable of undergoing conversion to a carbonaceous fibrous material substantially 
coextensive with the length of said tape wherein no substantial lateral contact is made 

30 between said adjacent warp ends, and a fibrous weft pick interlaced with said warp 30 

ends in a plain weave construction at a frequency of 2 to 8 picks per inch of said tape 
with said weft pick being provided under a tension sufficient that said linear configura- 
tion of said warp ends is substantially unimpaired, the proportion of warp ends to weft 
picks per square inch being greater than 1:1, and (b) continuously passing said tape 

35 in the direction of its length through a series of heating zones while substantially 35 

suspended therein to form a fibrous tape which contains at least 90 per cent carbon by 
weight while preserving an open weave construction within said resulting tape wherein 
no substantial contact is made between said laterally adjacent warp ends. 

According to a second aspect of the invention there is provided a process for the 

40 production of a pervious low density carbon fiber-reinforced composite article com- 40 

prising impregnating a carbon tape prepared as specified in the preceding paragraph 
with a thermosetting resinous material while maintaining lateral interstices between said 
adjacent warp ends within a given layer of said tape, and curing said thermosetting 
resinous material while in intimate association with at least one layer of said tape to 

45 form a pervious low density composite article. 45 

In a third aspect of the invention there is provided a carbon tape of an open 
weave construction comprising a plurality of adjacent substantially parallel and spaced 
linear warp ends of a carbonaceous fibrous material containing at least 90 per cent 
carbon by weight substantially coextensive with the length of said tape wherein no 

50 substantial lateral contact is made between said adjacent warp ends, and a fibrous weft 50 
pick containing at least 90 per cent carbon by weight interlaced with said warp ends 
in a plain weave construction at a frequency of 2 to 8 picks per inch of said tape with 
said weft pick being provided under a tension sufficient that said linear configuration 
of said warp ends is substantially unimpaired, the proportion of warp ends to weft 

55 picks per square inch being greater than 1:1. 55 

A fourth aspect of the invention provides a pervious low density carbon fiber 
reinforced composite article comprising (a) at least one layer of carbon tape as 
specified in the preceding paragraph and a cured thermosetting resinous material in 
intimate association with said carbon tape in a concentration of 20 to 50 per cent by 

60 weight based upon the total weight of said composite article wherein lateral interstices 60 

are substantially maintained between said adjacent warp ends within a given layer of 
said tape of said composite article. 

Certain preferred features of the invention are illustrated in the accompanying 
drawings, given by way of example, in which : — re 
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Fig. 1 is an enlarged plan view of a portion of fibrous open weave tape suitable 
for use as a precursor in the process of the present invention. 

Fig. 2 is an enlarged" and exploded perspective view of a section of a representa- 
tive 4 ply pervious low density carbon fiber reinforced composite article formed in 
accordance with the present invention wherein the adjacent plies are disposed at right 5 
angles. 

Fig. 3 is an enlarged perspective view of a section of the pervious low density 
carbon fiber reinforced composite article of Fig. 2. 

In a preferred embodiment the warp ends of the tape prior to passage through 
the heating zones are formed from an acrylic polymer (e.g. an acylonitrile homo- 10 
polymer). Additionally, a plurality of layers or plies of the resulting carbon tape are 
preferably superimposed within the composite article to form a composite article of 
increased thickness. 

The precursor tape which is converted to a carbonaceous fibrous material com- 

15 prises a plurality of adjacent substantially parallel and laterally spaced linear warp 15 

ends substantially coextensive with the length of the tape. The tape possesses a plain 
weave construction (described in detail hereafter) wherein each weft pick passes 
successively over and under each warp end. 

The warp ends are composed of an organic polymeric fibrous material capable of 

20 conversion to a carbonaceous fibrous material. The warp ends may be conveniently 20 

selected from those fibrous materials which are recognized as being suitable for thermal 
conversion to a carbonaceous fibrous material. For instance, the warp ends 
may be derived from organic polymers such as an acrylic polymer, a ceilulosic polymer, 
a polyamide, a polybenzimidazole, polyvinyl alcohol, or pitch. As discussed hereafter, 

25 acrylic polymeric materials are particularly suited for use in the formation of the warp 25 

ends employed in the present process. Illustrative examples of suitable ceilulosic 
materials include the natural and regenerated forms of cellulose, e.g. rayon. Illustrative 
examples of suitable polyamide materials include the aromatic polyamides, such as 
nylon 6T, which is formed by the condensation of hexamethylenediamine and tere- 
^0 phthalic acid. An illustrative example of a suitable polybenzimidazole is poly-2,2'-m- 30 
phenylene-5,5 '-bibenzimidazole. 

The acrylic polymeric material prior to thermal stabilization is formed primarily of 
recurring acrylonitrile units. For instance, the acrylic polymer may contain not less 
than 85 mol per cent of acrylonitrile units with not more than 15 mol per cent of a 

35 monovinyl compound which is copolymerizable with acrylonitrile such as styreiie, 35 

methyl acrylate, methyl methacrylate, vinyl acetate, vinyl chloride, vinylidene chloride, 
or vinyl pyridine, or a plurality of such monomers. A particularly preferred acrylic 
polymeric material is an acrylonitrile homopolymer, or a closely related acrylonitrile 
copolymer (i.e. contains at least 95 mol per cent of acrylonitrile units and up to 5 mol 

40 per cent of one or more monovinyl compounds copolymerized with acrylonitrile). 40 

The warp ends may be provided in a variety of physical configurations. For 
instance, the warp ends may assume the configuration of continuous lengths of multi- 
filament yarns, tows, strands, cables, or similar fibrous assemblages. In a preferred 
embodiment of the process the warp ends are a continuous multifilament yarn. 

45 For example, the laterally spaced warp ends are preferably a continuous multifila- 45 

ment yarn (e.g. an acrylic yarn) having a total denier of 80 to 10,000 (preferably 500 
to 4000), and a denier per filament of 1 to 3 (preferably about 2), which are provided 
in the precursor tape at a frequency of 4 to 200 (preferably 7 to 20) ends per inch of 
tape width. 

50 The warp ends may optionally be provided with a twist which tends to improve 50 

the handling characteristics. For instance, a twist of 0.1 to 5 tpi, and preferably 0.3 to 
1.0 tpi, may be utilized. Also, a false twist may be used instead of or in addition to a 
real twist. Alternatively, one may select bundles of fibrous material which possess 
essentially no twist. 

55 The warp ends may be drawn in accordance with conventional techniques in order 55 

to improve their orientation. For instance, acrylic warp ends may be preliminarily 
drawn by stretching before or - after incorporation in the tape while in contact with a 
hot shoe at 140 to 160°C. Additional representative drawing techniques are disclosed 
in United States Patent Nos. 2,455,173; 2,948,581; and 3,122,412. It is recommended 

60 that acrylic warp ends selected for use in the process be initially drawn to a single fila- 60 

ment tenacity of at least about 3 grams per denier. If desired, however, the warp ends 
may be more highly oriented, e.g. drawn up to a single filament tenacity of 7.5 to 8 
grams per denier, or more. 

The weft pick of the precursor tape is preferably also composed of an organic 

65 polymeric fibrous material which is capable of undergoing carbonization without the 65 
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destruction of its original fibrous configuration. The weft pick and warp ends may be 
of substantially identical composition prior to heating. If desired, however, the weft 
pick may be initially provided as a previously stabilized organic polymeric fibrous 
material. For example, the weft pick may be initially provided as a previously 
5 stabilized (e.g. preoxidized) acrylic fibrous material. 5 

The fibrous weft pick may be provided in a variety of physical configurations. 
For instance, the weft pick may assume the configuration of a multifilament yarn, tow, 
strand, or cable. In a preferred embodiment of the process the weft pick (e.g. a con- 
tinuous multifilament yarn) has a total denier equal to or preferably less than that of 

10 the warp ends (e.g. continuous multifilament yarn warp ends). The total denier for the 10 

weft pick accordingly may range from 40 to 5000. Preferably the total denier of a 
multifilament acrylic yarn weft pick prior to thermal stabilization is below about 400, 
e.g. 40 to 350, total denier. In a particularly preferred embodiment of the process the 
total denier of the weft pick is 0.2 to 0.5 times the total denier of a warp end. A minor 
15 amount of twist may be beneficially provided in a multifilament yarn weft pick which 15 

improves the handling characteristics during weaving. For instance, the weft pick may 
be provided with a twist of 0.1 to 5 tpi (preferably 0.1 to 3 tpi), and most preferably 
0.2 to 0.7 tpi. If a twist is utilized in the warp ends, it is recommended that any twist 
employed in the weft pick be to a lesser degree so that the weft pick may readily 

20 assume a more flattened configuration when in contact with warp ends. 20 

It is essential that the weft pick utilized in the formation of the tape lacks a 
tendency to undergo excessive shrinkage during heat treatment (described hereafter) 
which would eliminate a laterally spaced relationship of the adjacent warp ends, 
impart a pucker (i.e. non-linear configuration) to the warp ends, or interfere with the 

25 flat configuration of the tape. In a preferred embodiment of the process the weft pick 25 

is hot drawn at least about 3 times its as-spun length to increase its orientation and is 
subsequently relaxed (e.g. 5 to 40 per cent of drawn length) prior to incorporation in 
the precursor tape so that its tendency to undergo shrinkage is minimized. 

The fibrous material utilized as the warp ends and weft pick may optionally be 

30 provided in intimate association with one or more catalytic agents capable of enhancing 30 

the rate of the thermal conversion to a carbonaceous fibrous material. 

The fibrous open weave tape utilized as the precursor is provided in a plain open 
weave construction which is unbalanced in the sense that the numerical proportion of 
warp ends to weft picks per square inch present within the same is substantially greater 

35 than 1:1. Commonly the tape comprises 50 to 200 adjacent warp ends; however, even 35 

a substantially larger number of warp ends can be employed, e.g. 500 or more. The 
warp ends are substantially coextensive with the length of the tape. The weft pick 
present within the tape is provided at a frequency of 2 to 8 picks per inch of the tape 
(preferably 2 to 6 picks per inch of the tape), and is most preferably provided at a 

40 frequency of about 4 picks per inch of the tape. The optimum pick frequency selected 40 

is influenced by the total denier of the weft pick. For instance, if a pick frequency as 
great as 8 is utilized the weft pick preferably does not possess a total denier in excess 
of about 100. If the pick frequency is much less than about 2 picks per inch of the 
tape, then weave stability is not achieved and the desired lateral separation of adjacent 

45 warp ends is unattainable. If the pick frequency is much more than about 8 picks per 45 

inch, then there is a tendency for the weft pick to impart a crimp or nonlinear con- 
figuration to the warp ends which results in diminished tape tensile properties in the 
longitudinal direction. Since the weft pick is provided at a relatively low frequency, 
and preferably as a continuous length, it may intersect the edge of the tape at an angle 

50 other than exactly ninety degrees unlike common woven fabrics. The exact angle of 50 

intersection with the edge of the tape is influenced by the pick frequency, and the 
width of the tape (i.e. number and total denier of the warp ends). If desired, the edge 
of the tape may optionally be removed following weaving wherein the weft pick is cut 
into a plurality of discrete lengths which traverse the parallel warp ends. 

55 The plain weave construction of the precursor tape is such that the adjacent warp 55 

ends are spaced by the weft pick in such a manner that no substantial lateral contact is 
made between the same; generally a fiat tape is produced. The weft pick is provided 
under a tension sufficient that the linear configuration of the warp ends present within 
the tape is substantially unimpaired; any crimp which is present in trie tape com- 

60 ponents is present in the weft pick and not in the warp ends. * 60 

The precursor tape of the open weave construction utilized in the present process 
can be formed employing conventional weaving equipment as will be apparent to those 
skilled in weaving technology. For instance, the warp ends may be beamed in a laterally 
spaced manner, and the weft pick subsequently inserted at appropriate intervals 

65 utilizing a narrow fabric shuttle loom. Care, of course, must be taken to ensure that 65 
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the tension exerted upon the weft pick is insufficient to impair the substantially linear 
configuration of the warp ends. 

The heating temperatures, heating atmospheres, and residence times utilized in 
the present process to produce carbon fibers may be in accordance with thermal con- 
version techniques heretofore known in the art. The plurality of adjacent ends of an 5 
organic polymeric fibrous material as well as the fibrous weft pick while in the form 
of a tape (as heretofore described) are converted to a carbonaceous fibrous material 
by continuous passage in the direction of the tape length through a series of heating 
zones while substantially suspended therein to form a fibrous product which contains 
at least 90 per cent carbon by weight. During the thermal conversion a substantially 10 
uniform lateral shrinkage of the tape of 10 to 50 per cent based upon the original tape 
width commonly occurs. However, throughout the thermal conversion treatment an 
open weave construction of the tape is preserved with no substantial contact being 
made between the laterally adjacent warp ends. 
15 The series of heating zones through which the open weave tape is continuously 15 

passed commonly include (1) a stabilization zone, and (2) a carbonization zone. 

^The stabilization heating zone is commonly provided at a temperature of 200 to 
400°C. depending upon the composition of the tape. As will be apparent to those 
skilled in the art, the atmosphere provided in the stabilization heating zone may be 
varied. For instance, a cellulosic precursor is commonly stabilized in (1) an oxygen- 20 
containing atmosphere or (2) in an inert or non-oxidizing atmosphere, such as nitrogen, 
hehum, or argon. Additionally, precursors such as an acrylic polymer, a polyamide, a 
polybenzimidazole, or polyvinyl alcohol are commonly stabilized in an oxygen-con- 
taming atmosphere. Air may be conveniently selected as the oxygen- containing atmos- 
phere for use in the process. When the stabilization treatment is conducted in an 25 
oxygen-containing atmosphere, it is commonly termed a "preoxidation" treatment. 

The stabilization heating zone is substantially enclosed in order to facilitate the 
confinement and withdrawal of off gases and/or the maintenance of an appropriate 
atmosphere. When a non-oxidizing atmosphere is desired within the heat treatment 
chamber, the tape may pass through a seal as it continuously enters and leaves the 30 
heat treatment chamber in order to exclude oxygen. 

The stabilization of fibers of acrylonitrile homopolymers and copolymers in an 
oxygen-containing atmosphere involves (1) an oxidative cross-linking reaction of 
adjoining molecules as well as (2) a cyclization reaction of pendant nitrile groups to a 
condensed dihydropyridine structure. While the reaction mechanism is complex and 35 
not readily explainable, it is believed that these two reactions occur concurrently, or 
are to some extent competing reactions. 

The cyclization reaction involving pendant nitrile groups which occurs upon 
exposure of an acrylic fibrous material to heat is generally highly exothermic and, if 
uncontrolled, results in the destruction of the fibrous configuration of the starting 40 
material. In some instances this exothermic reaction will occur with explosive violence 
and result in the fibrous material being consumed by flame. More commonly, how- 
ever, the fibrous material will simply rupture, disintegrate and/or coalesce when the 
critical temperature is reached. As the quantity of comonomer present in an acrylo- 
nitrile copolymer is increased, a fibrous material consisting of the same tends to soften 45 
at a progressively lower temperature and the possible destruction of the original 
fibrous configuration through coalescence of adjoining fibers becomes a factor of 
increasing importance. The "critical temperature" referred to herein is defined as the 
temperature at which the fibrous configuration of a given sample of acrylic fibrous 
W starting material will be destroyed in the absence of prior stabilization, 50 

In a preferred embodiment of the invention the acrylic starting material exhibits a 
critical temperature of at least about 300°C, e.g. 300°C. to 330°C. In addition to 
visual observation, the detection of the critical temperature of a given acrylic fibrous 
material may be aided by the use of thermoanalytical methods, such as differential 
scanning calorimeter techniques, whereby the location and magnitude of the exothermic 55 
reaction can be measured quantitatively. 

The stabilized acrylic warp ends (1) retain essentially the same fibrous con- 
figuration as the starting material, (2) are capable of undergoing carbonization, (3) are 
black in appearance, (4) are non-burning when subjected to an ordinary match flame, 
and (5) commonly contain a bound oxygen content of at least about 7 per cent by 60 
weight as determined by the Unterzaucher analysis. 

In a preferred embodiment of the process the open weave tape (heretofore 
described) is stabilized in accordance with the processing conditions described in 
British Specifications 1,278,676 and 1,300,239. 
65 The carbonization heating zone is commonly provided with an inert or non- 65 
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SKi/ a T Sphere L at 3 ^ em P erat «re of at least about 900°C. (e.g. 900 to 16O0°O 
r^t T" atmos P heres . Include nitrogen, argon, or helium. During the cibonizadon 
reaction elements present in the tape other than carbon, e.g. nitrolen, hrfSS md 

carbon by weight, and preferably at least 95 per cent carbon by weight Preferablv 

5b£fa iEttt^* ^ PT °T S a S ra P hitized weave tape L produced 
40 ExSJ^ ,? M arp end l exhibits a Youn S' s mod «^s of at least about 
40,000,000 psi, and a tensile strength of at least about 250,000 psi. 

,k \ ^g'tudinal tension may optionally be applied to the tape while Dassine 

furnaa n H \T gle heatmg a PP aratus > «"* as the susceptor of an induftion 
1 304 340 A nTr?r "i ""P""™* * described in British Specification 

fiV 4 A P a . r V cularl y Preferred susceptor for use in the production of carbon- 
aceous fibrous materials while in tape form is disclosed in U.S. Paten? N? 3,656 910 
n«» f- ca ^ onaceous whether formed of amorphous or graphitic "carbon can 
to KS? Pa ^ d thr0U 8 h . a surface treatmentTone wheA !SSiU?Sb3 

^SSiKS materiaI is enhanced - Any 

nr™ * Tevious }y. Indicated, during the stabilization and carbonization steps of the 
present process it is common for the width of the tape to diminish due to TcWolkd 
shrmkage as elements other than carbon are expelled. aX Sne configSn fc 

EaUon^T^d/L^ 11 38 f ° pen WCave instruction wherein n^SStiS 
T-if between adjacent warp ends. 

passed in XThEST T. "f* T"? trea u tment in ^ P resent P roce « * continuously 
passed in the direction of its length through each of the heatine zones (t e a wattlf** 

™2 sSreTorior SH?" ^V"-* lapC COlleCted u P° n a support wSe 

oL SiK ' ad , d,tl0 nal processing It is recommended, howeVer, that : Se heating 
m !nnS. ^ d in close .P r °xumty and the tape continuously passed from one zone 
SndTmTv Z ZZnJSTT ° { ? C f ° rward m °vement. VarioS 3£ or oTe 
Sol'Sd to fiiffSL^ ** m ° Vement ° f ^ tepe 38 wiU apparent to 
mateS\ r Sle ti ™!i„? :b?n 12156 is ? ext ^P^gnated with a thermosetting resinous 

SSTtavStf Z ? 9 ^ n "¥H la - eraI mter ? tices between ad ' acent war P ends 5 within a 
f/n,;^,l ^ u ? l ape / "npregnaaon step may be conducted on either a con. 

SSZh »n a basis - For instance > 1116 carbon *Pe may bewoAwSSS paSed 
Mnuoud/Sern" COadng Z0D ! Wherei f n the'thermLtting resiZfmKal 
ShS^SLSP 1 ! ' i f 8 ™"? ° r laycrs of ^ "P* mav be impregnated while 
mn^S . * * i *. s,ng,e layer of °P en weave carb °n ^ or a pluralfty of super- 
Se of^tneTv^ t "''I™ 7 * ^WWi « one time'since the pervious 

tL mer^L,-^ 5 free paSS3ge ^ ^mosetting resinous material. 

I he thermosetting resinous material is applied to the carbon tar* while in a 
hquid consistency and may be applied from either a solvent oz a solvStlesstsSm 
SedTn^? 0** C ^,°5 low viscosity resin ^SS^%SSi 
Sin tofh ^ 8natl0n t ? chn, 5" eS 1,16 im mersion of die carbon £pe in a 

rsi? L^yssTr of late s l r rfc ? j**™ ad >' acent ^ end S p wS in 

fh.rlT l /n ^b 011 tape be enhanced by the passage of a current of eas 
£^ roU d?i^ g f aPpliCati °? ° f ^JT" tbermose P tting^esmo«teiar S 
from the rwin S g3$ ™ y ^ therethrou 8 h ^mediately upon withdrawal 

formfS^f"^ thern ? osettin g K ?™" s materiak which ma y be utilized in the 
S I ZXlSl ^P° a « ««ides uidude: epoxy resins, phenolic resins, polyester 
resins polybenzimidazoles, polyurethanes, etc. The preferred Aermo- 
setung resinous material is an epoxy resin or an aromadc polyimide resin 
prepared bvThf^ ^ 38 ¥ FT* impregnation or matrix material may be 
Sfihvdri ^ AUn n,r t,0n , °/ b' s Phenol A (4,4'-isopropylidene diphenol) 

pESSffldA^ , ^ p01 ^' SUCh u 3S alipnatic gIyco,s and novolak resins (e.g., 
pnenol formaldehyde resins), acids or other active hydrogen containing compounds 
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may be reacted with epichlorohydrin for the production of epoxy resins suitable for 
use as the resinous matrix material. Epoxy resins are preferably selected which possess 
or can be modified to possess the requisite flow characteristics prior to curing. 
Numerous reactive diluents or modifiers which are capable of increasing the flow 

5 properties of uncured epoxy resins are well known and include butyl glycidyj ether, 5 

higher molecular weight aliphatic and cycloaliphatic mono-glycidyl ethers, styrene 
oxide, aliphatic and cycloaliphatic diglycidyl ethers, and mixtures of the above. 

In preferred embodiments of the invention, epoxy resins are selected to serve as 
the resinous impregnation material which possess terminal epoxide groups and are the 

[0 condensation product of bisphenol A and epichlorohydrin of the following formula: i( 



o 



CH 3 OH 
I 



CH 2 — CH- CH 2 -0- ^^C^^0-CH 2 ~CH-CH 2 -0- *^K>^^CH 2 -CH-CH2 



I 

CH 3 



CH 3 0 



I 

CH 3 



wherein n varies between zero and a small number less than about 10. When n is zero, 
the resin prior to curing is a very fluid light-colored material which is essentially the 
diglycidyl ether of bisphenol A. As the molecular weight increases so generally does the 

15 viscosity of the resins. Accordingly, particularly preferred liquid epoxy resins generally 1: 

possess an n value averaging less than about 1.0. Illustrative examples of standard 
trade designations of particularly useful commercially available epoxy resins include: 
Epi-Rez 508, and Epi-Rez 510 (Celanese Coatings), ERLA 2256 (Union Carbide), 
ERLA 4617 (Union Carbide), and Epon (Shell) epoxy resins. 

20 Epoxy novolak resins formed by the reacting of epichlorohydrin with phenol- 20 

formaldehyde resins are also particularly preferred thermosetting resins. An illustrative 
example of a high useful resin is Epi-Rez 5155 epoxy novolak resin (Celanese 
Coatings). 

A variety of epoxy resin curing agents may be employed in conjunction with the 
25 epoxy resin. The curing or hardening of the epoxy resin typically involves further 25 

reaction of the epoxy or hydroxyl groups to cause molecular chain growth and cross- 
linking. The term "curing agent" as used herein is accordingly defined to include the 
various hardeners of the co-reactant type. Illustrative classes of known epoxy curing 
agents which may be utilized include aliphatic and aromatic amines, polyamides, 
30 tertiary amines, amine adducts, acid anhydrides, acids, aldehyde condensation products, 30 

and Lewis acid type catalysts, such as boron trifluoride. The preferred epoxy curing 
agents for use with the epoxy resin are acid anhydrides (e.g., hexahydrophthalic acid 
and methylbicyclo [2.2.1 ]heptene-2,2-dicarboxylic anhydride isomers marketed under 
the designation Nadic (trade mark) Methyl Anhydride by the Allied Chemical Com- 
35 pany), and aromatic amines (e.g., meta-phenylene diamine and dimethylaniline). 35 

In preferred embodiments, aromatic polyimide resins are selected to serve as the 
resinous impregnation material which as is known in the art are produced essentially 
in two steps by the reaction of a dianhydride with a diprimary aromatic amine. In the 
first step of the reaction, a polyamic acid is formed which may be subsequently con- 
40 verted by heat or through the use of suitable catalysts and water acceptors to high- 40 

molecular-weight polyimides. The resulting aromatic polyimides may be either linear 
or cross-linked. When both precursors are aromatic, impregnation polymers of 
improved heat resistance are developed. 

Representative dianhydride reactants for use in the formation of the aromatic 
45 polyimides include: 45 

pyromellitic dianhydride (PMDA); 
2,3,6,7-naphthalenetetracarboxylic acid dianhydride; 
3,3',4,4'-diphenyltetracarboxylic acid dianhydride; 
1,2,5 ,6-naphthalenetetracarboxylic acid dianhydride; 
_ ft 2^ ; ,3,3'-diphenyltetracarboxylic acid dianhydride; 5Q 

50 thiophene-2,3,4,5-tetracarboxyhc acid anhydride; 

2,2-bis(3,4-biscarboxyphenyl)propane .dianhydride (PPDA); 
3,4-dicarboxyphenyl sulfone dianhydride; 
perylene-3,4,9,10-tetracarboxylic acid dianhydride; 

bis(3,4-dicarboxyphenyl) ether dianhydride (PEDA); 55 
55 ethylenetetracarboxylic acid dianhydride; and 

3,4,3 ',4'-benzophenonetetracarboxylic dianhydride (BTDA). 
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Representative diamine reactants for use in the formation of the aromatic poly- 
imides include: 

m-phenylenediamine (MPD); 
p-phenylenediamine (PPD); 
2 } 2-bi s(4-aminophenyl)propane (D D P) ; 
4,4'-methylenedianiline (DDM); 
benzidine (PP); 

4,4'-diaminodiphenyl sulfide (PSP); 
4,4'-diaminodiphenyl sulfone (PS0 2 P); 
4,4'-diaminodiphenyl ether (POP); 
1 ,5 -diaminonaphthalene ; 
3 ,3 '-d imethylbenzidine ; 
3,3 '-dimethoxybenzidine j 
2,4-bis(amincn tert-butyl)toluene ; 
bis [4-(amino-tert-butyl)phenyl ] ether ; 
l,4-bis(2-methyl-4-aminopentyl)benzene; 
1 -isopropyl-2,4-phenylenediamine ; 
m-xylylenediamine ; 
p-xylylenediamine ; 
di(4-aminocyclohexy;l)methane ; 
hexame thylenediamine ; 
heptamethylenediarnine ; 
octamethylenediamine; 
nonamethylenediamme ; 
decame thylenediamine ; 
oxydianiline; 

3 -methylhep tamethylenediamine ; 

4.4- dimethylheptamethylenediamine ; 

2.1 1- diaminododecane; 
l,2-bis(3-ammopropoxyethane); 
2,2-dimethyltrirnethylenediamine ; 
3-methoxyhexamethylenediamine ; 

2.5- dimethylhexamethylenediamine ; 
2,5 -dimethylheptamethylenediamine ; 
3-methylheptamethylenediamine ; 
1,4-diaminocyclohexanc; 

1.12- diaminooctadecane; 
bis(3-aminopropyl)sulfide; and 
bis(3-aminopropyl)methylamine. 

An illustrative example by standard trade designation of a particularly useful com- 
mercially available polyimide resin is Pyralin (trade mark) 4707 polyimide (DuPont). 

Representative aromatic polyimide formation techniques are disclosed in Chapter 
8 of "New Linear Polymers", by Henry Lee et d (McGraw-Hill, 1967), U.S. Patent 
Nos. 3,179,630; 3,179,631; 3,179,632; 3,179,639; 3,179,634, and 3,558,350. 

The quantity of thermosetting resinous material applied to the carbon tape is 
adjusted so that upon curing the thermoset resinous material is in intimate association 
with at least one layer of the tape in a concentration of 20 to 50 per cent by weight 
based upon the total weight of the resulting composite article, and preferably in a 
concentration of 2'5 to 40 per cent by weight. 

The thermosetting resinous material may be cured in accordance with conven- 
tional curing procedures for the particular thermosetting resin system. Prior to curing 
a plurality of layers or plies of the carbon tape which were individually or jointly 
impregnated may be superimposed to form a composite article of increased thickness. 
For instance, two or more (e.g. up to 200) layers or plies of the impregnated open 
weave carbon tape may be stacked in a unidirectionally aligned pattern or a multi- 
directionally aligned pattern (e.g. at right angles). Upon subsequent curing a unitary 
pervious low density composite article is formed. In Fig. 3 is illustrated an enlarged 
perspective view of a composite article formed in accordance with the present inven- 
tion wherein the weaves in four layers of the impregnated open weave carbon tape 
were each disposed at right angles to the immediately adjacent layers. 

The resulting composite articles formed in accordance with the present invention 
exhibit a pore volume or open structure which amounts to 10 to 75 per cent by volume 
of the total composite article, and preferably 50 to 70 per cent by volume. Such com- 
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^.sftiSfsffi sfs^c^ of °- 4 to u grams/c - c -' and prefer - 

S?? 1 a PP ll "V ons -. T he composite articles exhibit excellent mechanic^ SoS 
and are particularly suited for use as facing sheets of an acoustic sandwich lKhS 
£22 «- a . n ° 1Se su PP ression functi0 " in a turbofen nacelle for a jet eSe. The com- 
posrte articles may also be formed into honeycomb core structural elements 

T 1 " 8 examples are provided as specific illustrations of the invention It 

s^rsrsa^' ^ * invemion is not ,imited to ^ 

In the examples highly unbalanced tapes of various plain open weave constmrtion.: 
were continuously passed in the direction of their lengfh through 7l) a SS 

Sn^wheS ' Z r'- 3n - d (3) J head u n . g . zo «e provided wtih aSpeS 

SKtaoSSSL^? car . bon,zat,on 30(1 f aphitization were carried out. Following 
.^STO'S^Kl'^ WCre f<>rmed inCOr P 0rating * e ™*ing graphite 
nitrilfhL^i^ 8 P rod "^ d by initially beaming 60 warp ends of a dry spun acrylo- 
kom shStt! 1 ^^ mSertU l g a * use of a Letcher nafZ 

a Sal Sr T'hSt 7 7 T rP f C ° nS ' St -, d ,° f a .^ Ut 385 con tinuous filaments having 
ThToT j 775, , and was P rovlded wi* a twist of about 0.5 turn per inclC 

SrJ T P e " ds W T aligned in an ad ' acent substantially paraUelTd^lateS 

S t0 foim a H fla if k a width of 3 ^ to faiJS 

Sit" tanT^dS had ta h0t draW " t0 a Sin8le filament tei ^ ° f 

tin, m Sf P ret r eaD ? ien t t of the acrylonitrile homopolymer tape was conducted bv con- 
tinuously passing u through an oven containing circulating dr at about 220°C wWfe 
under a longitudinal tension sufficient to permit a 16 per cent Stion in llSJh 
brought about by shrinkage for a residence time of abou* 300^fb " 

tne stabdizauon (i.e. preoxidation) was conducted in accordance with thf 
Stffro^n d m B »^.Specificati^ No. 1,300^239. The SpTwas" nSuo udy 
. an oven containing circulating air maintained at about 270°C while 

S of a&^ T^* 3 COnStant ^ ^r a Sidenl 

retained Kill T P reo . x,d,zed °P?» wave tape was black in appearance, 

Sn lts """d fibrous configuranon essentially intact, was non-burnine when sub- 
St® an , ordlna J r y m *tch flame, and contained a bound oxygen Snt of ?<h£ 
cent by weight as determined by the Unterzaucher analysis. 8 ^ 
;„a f reoxidlz ed tape was continuously passed through a heatine zone of an 

S&fa^Sy* 0 ^ ?1 3 dr ^ ating £trogen atmo'sphero and 8 a tem^tu^ 
fsw ?ia T^p ? a , nCe WUh ,- the techniques described in British Specification No! 
m£& h f °Uch£ C of S Tr P r p° f furnace P was forced™ 

wadknt w,>Hn rh. i, ? g ° f ( U - S - Patent No. 3,656,910). The temperature 
gradient ^withm ^"g zone raised the tape from room temperature (i.e^oui 

suscemonfroS sK^rn /JS?r • " a PP roxima , teI y c 50 seconds after entering the 
11001 , 8U0 to 1600 C. in approximately 25 seconds to produce a carhon 

Son of 2n /• U L 4 ° f™ nds 10 P roduce 3 graphitized tape. A longitudinal 

a? ft paid K ^ s <'- e V ab0 . ut 150 grams per warp end) was exerted upon die tape 
weff i£t through the heanng zone of the induction furnace. The warp cads rid 
Sain '^/^^fally. retained their original fibrous configuration folSg carlS 
izauon and graphiuzauon and exhibited a specific gravity of about 2ft Thf^Z 

wht b, S noie\tS ed0minant diffraCti0n P a "ern chSrifti/of^ 

resin wLmhvmn S^* ttpe nCXt 'PP'^ated with an aromatic polyimide 

MS WcnaAS" ^ ° f - ab ° Ut 10 second ^rougn 

able Pvralin 47IT7 ?■ -a % » x thermosetting resin was commercially avail- 
arae i-yralin 4707 polyimide (DuPont) wh ch was diluted with acetone tn LI™ \ 

Compo s „e aructe of 3X10 inches and 0.016 inch ihiimss WVex, I Sad 
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by superimposing four previously impregnated plies of the tape as illustrated in Figs, 
2 and 3. Each ply was arranged at ninety degrees to each adjoining ply. The com- 
posites were formed by a vacuum bag technique wherein the 4 resin impregnated 
plies were stacked in sequence, and were placed in a polyimide film bag (i.e. a Kapton 
5 polyimide film) with a bleeder cloth placed on one side of the stacked plies. The con- 5 

tents of the bag were subjected to a vacuum level of 24 in. Hg. while heated from 
room temperature (i.e. about 70°F.) to 260°F. over a 45 minute period, from 260°F, 
to 310°R over a 180 minute period, and from 310°F. to 365°F. over a 20 minute 
period where they were maintained for a 45 minute period prior to cooling to room 
10 temperature (i.e. about 70°F.) over a 3 hour period. The cooling step was also con- 10 

ducted at a vacuum level of 24 in. Hg. 

The bulk density, pore volume, modulus, and tensile strength for the resulting 
composites were determined by use of the following techniques. 

The bulk density was computed as the weight of the composite article divided 
15 by the apparent volume of the same. 15 

The percentage pore volume was computed by subtracting the weight of the 
pervious composite article from the weight of a corresponding solid composite article, 
dividing by the weight of the corresponding solid composite article, and multiplying 
by 100. 

20 .The modulus was computed from the initial slope of the stress strain curve 20 

obtained by standard tensile test procedures. 

The tensile strength was computed from the breaking load of the composite 
article determined by the tensile test procedure divided by the apparent cross-sectional 
area of the composite article. 

25 EXAMPLE I 25 

An acrylonitrile homopolymer tape having a plain weave construction as illustrated 
in part in Fig. 1 was employed. Representative warp ends are identified at A and 
representative weft picks at B. The weft pick was formed from approximately 100 
continuous fUs of acrylonitrile homopolymer having a total denier of about 200 and 

30 a twist of 0.5 turn per inch. The weft pick was provided at a frequency of 4 picks 

per inch of tape. 

The width of the tape following graphitization was reduced to about 1.5 inches. 
The warp density of the tape following graphitization was reduced from a density of 
20 ends per inch in the precursor tape to 40 ends per inch. The linear configuration 
35 of the spaced substantially parallel warp ends was retained. The warp ends exhibited a 35 

Young's modulus of about 70,000,000 psi and a tensile strength of about 300,000 psi. 

The resulting 4-ply composite article of Fig. 3 contained the cured thermosetting 
resin in a concentration of about 30 per cent by weight based upon the total weight of 
the composite, exhibited a bulk density of 0.82 grams/c.c, a pore volume of 50 per 
40 cent, a modulus of 11,000,000 psi, and a tensile strength of 50,000 psi. 
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EXAMPLE II 

An acrylonitrile homopolymer tape having a plain weave construction identical 
to that described in Example I was employed wherein the acrylonitrile homopolymer 
weft pick prior to formation of the tape had been previously stabilized. More 
45 specifically, the weft pick had been stabilized on a continuous basis while in yarn form 45 

by continuous passage for 60 minutes through a heating zone provided at 270°C. 

The width of the tape following grapffitization was reduced to about 2 inches. 
The warp density of the tape following graphitization was reduced from a density of 
20 ends per inch in the precursor tape to 30 ends per inch. The linear configuration 
of the spaced substantially parallel warp ends was retained. Prior to surface treatment 50 
the warp ends exhibited a Young's modulus of about 50,000,000 psi and a tensile 
strength of about 300,000 psi. 

The resulting 4-ply composite article contained the cured thermosetting resin in 

a concentration of about 25 per cent by weight based upon the total weight of the 
55 composite, exhibited a bulk density of 0.6 grams/c.c, a pore volume of 69 per cent, a 55 

modulus of 7,000,000 psi, and a tensile strength of 35,000 psi. 

EXAMPLE III 

Example I was repeated with the exception that the thermosetting resinous material 
was an epoxy resin rather than a polyimide and a different curing cycle was employed. 
60 More specifically, the epoxy resin system comprised approximately 200 pans by weight 60 

of a condensation product of bisphenol A and epichlorohydrin, 70.8 parts by weight 
diamino-diphenyl sulfone curing agent, and 300 parts by weight of acetone solvent. 
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The curing was conducted by the vacuum, bag technique previously described. The 
contents of the bag were subjected to a vacuum level of 24 in. Hg. while heated from 
room temperature (i.e. about 70°F.) to 150 3 F. where they were maintained for 30 
minutes, from 150°F. to 350°F. over a 60 minute period where they were maintained 

5 for a 90 minute period prior to cooling to room temperature (i.e. about 70°F.) over 5 

a 2 hour period. The cooling step was also conducted at a vacuum level of 24 in. Hg. 

The resulting 4-ply composite article contained the cured thermosetting resin in 
a concentration of about 25 per cent by weight based upon the total weight of the 
composite, exhibited a bulk density of 0.52 grams/cc, a pore volume of 68 per cent, 

10 a modulus of 8,200,000 psi, and a tensile strength of 40,000 psi. * 10 

WHAT WE CLAIM IS:-- 

1. A process for the production of a carbon tape of an open weave construction 
comprising (a) providing a continuous length of a fibrous open weave tape comprising 
a plurality of adjacent substantially parallel and laterally spaced linear warp ends of an 

15 organic polymeric fibrous material capable of undergoing conversion to a carbonaceous 15 

fibrous material substantially coextensive with the length of said tape wherein no 
substantial lateral contact is made between said adjacent warp ends, and a fibrous weft 
pick interlaced with said warp ends in a plain weave construction at a frequency of 
2 to 8 picks per inch of said tape with said weft pick being provided under a tension 

20 sufficient that said linear configuration of said warp ends is substantially unimpaired, 20 

the proportion of warp ends to weft picks per square inch being greater than 1 : 1, and 
(b) continuously passing said tape in the direction of its length through a series of 
heating zones while substantially suspended therein to form a fibrous tape which 
contains at least 90 per cent carbon by weight while preserving an open weave con- 

25 struction within said resulting tape wherein no substantial contact is made between said 25 

laterally adjacent warp ends. 

2. A process in accordance with claim 1 wherein the said warp ends of the tape 
prior to passage through the said series of heating zones are an acrylic copolymer 
fibrous material containing at least 85 mol per cent acrylonitrile units and up to 15 mol 

30 per cent of one or more monovinyl units. 30 

3. A process according to claim 1 wherein the said warp ends prior to passage 
through the said series of heating zones are an acrylonitrile homopolymer. 

4. A process according to any one of claims 1 — 3 wherein said weft pick of said 
tape prior to passage through said series of heating zones is a previously stabilized 

35 acrylic fibrous material. " 35 

5. A process according to any one of claims 1 — 4 wherein the composition of 
said warp ends of said tape prior to passage through said series of heating zones is 
substantially identical to that of said weft pick. 

6. A process according to any one of claims 1 — 5 wherein said heating zones com- 

40 prise a stabilization zone, and a carbonization zone, 40 

7. A process in accordance with any one of claims 1—6 wherein said resulting 
tape contains at least 95 per cent carbon by weight and exhibits a predominandy 
graphitic x-ray diffraction pattern. 

8. A process for the production of a pervious low .density carbon fiber-reinforced 

45 composite article comprising impregnating a carbon tape prepared as claimed in any 45 

one of claims 1 — 7 with a thermosetting resinous material while maintaining lateral 
interstices between said adjacent warp ends within a given layer of said tape, and 
curing said thermosetting resinous material while in intimate association with at least 
one layer of said tape to form a pervious low density composite article. 

50 9. A process according to claim 8 wherein said thermosetting resinous material 50 

upon curing is an aromatic polyimide. 

10. A process according to claim 8 or claim 9 wherein the formation of lateral 
interstices between said adjacent warp ends within a given layer of said tape is 
enhanced by the passage of a current of gas therethrough following impregnation with 

55 said thermosetting resinous material. . . -55 - 

11. A process according to any one of claims 8—10 wherein a plurality of layers 
of said tape which are impregnated with said thermosetting resinous material are 
superimposed prior to said curing to form a composite article of increased thickness. 

12. A carbon tape of an open weave construction comprising a plurality of adja- 

60 cent substantially parallel and spaced linear warp ends of a carbonaceous fibrous 60 

material containing at least 90 per cent carbon by weight substantially coextensive with 
the length of said tape wherein no substantial lateral contact is made between said 
adjacent warp ends, and a fibrous weft pick containing at least 90 per cent carbon by 
weight interlaced with said warp ends in a plain weave construction at a frequency of 
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2 to 8 picks per inch of said tape with said weft pick being provided under a tension 
sufficient that said linear configuration of said warp ends is substantially unimpaired, 
the proportion of warp ends to weft picks per square inch being greater than 1:1. 

13. A carbon tape as claimed in claim 12 wherein said warp ends and said weft 
5 pick of said tape contain at least 95 per cent carbon by weight and exhibit a pre- 

dominandy graphitic x-ray diffraction pattern. 

14. A carbon tape of an open weave construction as claimed in claim 12 and 
substantially as hereinbefore described with reference to FiguTe 1 of the accompanying 
drawings. 

10 15. A pervious low density carbon fiber reinforced composite article comprising 

(a) at least one layer of carbon tape as claimed in any one of claims 12 — 14 and a 
cured thermosetting resinous material in intimate association with said carbon tape in 
a concentration of 20 to 50 per cent by weight based upon the total weight of said 
composite article wherein lateral interstices are substantially maintained between said 

15 adjacent warp ends within a given layer of said tape of said composite article. 

16. A pervious low density carbon fiber reinforced composite article in accord- 
ance with claim 15 wherein a plurality of said layers of carbon tape are superimposed 
within said composite article to form a composite article of increased thickness. 

17. A pervious low density carbon fiber reinforced composite article as claimed 
20 in claim 16 and substantially as hereinbefore described with reference to Figure 2 and 

3 of the accompanying drawings. 

18. A process as claimed in claim 1 for the production of a carbon tape of an 
open weave construction substantially as hereinbefore defined. 

19. A process as claimed in claim 8 for the production of a pervious low density 
25 carbon fibre reinforced composite article substantially as hereinbefore described. 

20. A carbon tape when prepared according to the process of any one of claims 
1—7 or 18. 

21. A composite article when prepared according to the process of any one of 
claims 8 — 11 or 19. 

For the Applicants, 
CARPMAELS & RANSFORD, 
Chartered Patent Agents, 
43, Bloomsbury Square, 

London, W.C.I. 
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